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Abstract A
The possible incorporation of phase change materials (PCMs).i ing materials has
attracted a lot of research interest worldwide due to the con on global warming and

energy storage abilities. As a substance with a high he sion, PCM is capable of
storing and releasing large amounts of energy in the form of heat during its melting and
solidifying processes at the specific transi erature. For the past 20 years,
significant research has been undertaken on the potential use of PCMs in concrete. The
results showed that PCM-concrete has some useful characteristics such as better latent
heat storage and thermal performance. w other hand, PCMs have some negative

impacts on the properties of concrete@ , the negative impacts can be minimized if

the ability of PCMs to reduce energy consumption in b@ cause of their thermal
of

an appropriate PCM and a suitable means of incorporation are employed during the
production of the PCM-concrete. In this paper, a general review of different types of
PCMs, means of their incorporation and the influence of PCMs on the properties of
concrete at the fresh de stages are reviewed. The stability of the PCMs, the
problems in relation’t ng them in concrete, as well as their thermal performance in
concrete are also presente

&

Keywords: Ph@nge materials, thermal energy storage, concrete, mechanical

properties& operties
1. ntroducti

Phase Change Materials (PCMs) are “latent” thermal storage materials possessing a large
amount of heat energy stored during its phase change stage [1]. The energy required to
change the phase of a substance is known as latent heat. Two types of PCMs, organic and
inorganic PCMs have been used for building applications and the details of these
materials are described in Section 2. Taking organic paraffin wax as the thermal storage
material, heat is absorbed or released when the paraffin wax changes phase from solid to
liquid or liquid to solid at a temperature of about 26°C. Most of the PCMs retain its latent
heat without any changes in physical or chemical properties even after thousands of
cycles.
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Before 1980, PCMs were integrated into building materials for thermal energy storage
applications, and much attention has been given to works concerned with the
achievement and assessment of applying PCMs in gypsum wall boards, plasters, textured
finishes, etc. [2-9]. Gypsum plasterboards with a heat capacity of 840 J/(kgK) and an
assumed density of 905 kg/m3 and a thickness of 12.5 mm results in an overall thermal
capacity of 10kJ/(m’K). It is well-known that materials with a good thermal storage
capacity are typically solid and dense (e.g concrete). The relevant differences between
gypsum and concrete are the specific heat capacity as well as the thermal conductivity
which will eventually affect their thermal performance. If it is assumed that concrete has
a heat capacity of 1000 J/(kgK), a density of 2300 kg/m’ and a thickness of %Af‘v‘this
results in an overall thermal capacity of 552kJ/(m°K), which is 55 times the v of the
gypsum plasterboard. Therefore, if concrete is chosen as a medium for PCMs it can lead
to an increase in the overall energy storage capacity [10-14]. Also, &)ncr excellent
thermal insulation as well as good fire resistant properties. In order to prevent the risk of
PCMs leakage in concrete, the selection of an appropriate P and incorporation
technique in the concrete product is therefore important. "1% ause the organic

PCMs can interfere with the cementitious materials if any 1 ge occurs, and thus can
change the concrete properties. For instance, the lea -‘9» inorganic PCMs can lead to
corrosion of steel bars in a building structure.

Fig. 1 shows the temperature differences b ht and day that ensure that the
alternating sequence process of melting and solidifying of PCM functions as a heating
and cooling system for a building. This'means that during the daytime, PCM absorbs
surplus heat by melting the PCM. If o Mer hand in cooler nights, PCM becomes
solid and the heat is released back i nvironment. The same cycle repeats in the
following days. As a result, conc
stable temperature which ensu

the buildings’ interna% be maintained.

Concrete wall
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Fig. 1. Heating and cooling function of concrete wall incorporated with PCM to maintain
pleasant human comfort temperature in indoor room.
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The aim of this paper is to provide information on different kinds of PCMs and their
specific characteristics that are suitable for incorporation into different types of concrete
products. Previous works that have been conducted to study the influence of PCMs on
both fresh and hardened properties of concrete are reviewed. A more comprehensive
review of the effect of PCMs on the heat of hydration and thermal performance of PCM-
concrete is also included.

2. Classification of phase change materials

Phase change materials (PCMs) commonly used in concrete can be generally divided into
two principal types: inorganic and organic [14-15]. From a concrete design poigmgw,
it is important to identify what kinds of PCM are suitable for use in concrete, because
different kinds of PCM have different chemical natures and me transition
temperatures. The general characteristics of inorganic and organic PCM cussed in

the following sections.
N

2.1. Inorganic PCM
The most common inorganic PCMs are hydrated salts (M@ [16]. Inorganic PCM
may have potential applications in some types of buildin terials, because of their high
volumetric heat storage capacity and good thermal ctivity [17]. The added
advantages are their low cost, ready availability and non-flammable nature. However,
their unsuitable characteristics, such as very
solid-liquid transition, have led to the hydrated salts not being considered as an
appropriate material to be incorporated into’concrete. Supercooling is a problematic issue

of inorganic PCMs because the liquid Ewn be cooled to below its freezing point

whilst remaining a liquid which ma ssociated phase change ineffective. Another
concern of the inorganic PCMs i gradation and inoperative characteristic after
repeated phase change cycles. &

2.2. Organic PCM /n&

Organic PCMs can be er described as paraffin and non-paraffin types [16]. Most of

the organic PCMs ar?e ally stable, safe and non-reactive. Also, they have an ability

to melt congrue ithout segregation and have self-nucleating properties that are

compatible w@ditional construction materials without posing any significant
ling.

problems (&

P wax’ (PAR) is a hydrocarbon that has the chemical structure C,Hjuio.
Commercial PAR generally has a melting point ranging from 20°C up to 70°C, depending
on the number of carbon (C) atoms. The more C atoms present in the chain, the higher
the melting point of the PAR. Extensive use of organic PAR with a phase change
temperature of 26 °C in concrete has been successfully demonstrated by previous studies
[18-21]. PAR is regarded as one of the most popular PCMs used in concrete, because it is
inactive in an alkaline medium, chemically stable and inexpensive. However, PAR does
have unsuitable properties such as being flammable and having a low thermal
conductivity in its solid state.
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The majority of organic non-paraffin PCMs are acids (CH3(CH,),,COOH). Their melting
point is similar to those of paraffin PCM and they have excellent melting and freezing
properties. However, they are much more expensive (about three times) than paraffin
PCM. Different kinds of non-paraffin PCM have been studied to assess their suitability
for use in concrete [14]. They are butyl stearate (BS), 1-Dodecanol (DD), Polyethylene
glycol (PEG), 1-Tetradecanol (TD) and Dimethyl sulfoxide. Among these non-paraffin
PCMs, BS seems to be the most appropriate material because of its relatively low cost,
suitable melting point at human comfort temperature, high latent heat storage, low
volume change during phase change transition, and inflammable and stable nature.

, L o &
3. Means of PCM incorporation in concrete s U
There are generally a few probable means of PCM incorporation in con h’three
predominant methods are: ® @

(1) Immersion [10-12]: simple immersion of the porous concret{ﬁl\ﬁf;welted (liquid)

PCM

(i1) Impregnation [13-14]: vacuum impregnation of the PCM &or‘c‘)ﬁs aggregates

(ii1) Direct mixing [15]: direct mixing of an encapsulated in the concrete mix during
concrete mixing stage

Previous studies have demonstrated that the incorporation of PCM in concrete
has a marked effect on the overall thermal and mechanical properties of the PCM-
concrete. | ¢

\

ed by Hawes [17] which involves the soaking
elted (liquid) PCM (named immersion PCM-
concrete). This techni nducted by immersing porous concrete products in a
container which is filled with the'liquid PCM. The effectiveness and the time required
(immersion time) for iquid PCM to be fully soaked into the porous concrete are
mainly based on three criteria: the absorption capacity of the concrete, the temperature
and the types o@l\ﬁeiﬁg employed. The process of immersion normally takes several

3.1. Immersion technique
The immersion technique was first in
of the porous concrete produ

hours.

Ha

dman [10] investigated the effect of different types of porous concrete on
tivity of PCM in concrete. Their results showed that at 80°C%5, the immersion
time t be adequate to allow the liquid PCM to soak into the voids of the concrete
blocks. Two types of concrete products, autoclaved concrete blocks and regular concrete
blocks, were compared. The time required for the autoclaved concrete blocks to be fully
soaked with BS and PAR varied from 40 min to 1 h, whereas the regular concrete blocks
with PAR required about 6 h. This indicates that the autoclaved concrete blocks is a
better choice for immersion due to its higher porosity and higher degree of absorption
compared to the regular concrete blocks. The higher the temperature of the liquid PCM
employed, the faster the speed of the immersion process.
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Using visual and differential scanning calorimetry (DSC) analysis, Lee et al. [23]
observed that good distribution of BS and PAR when immersed in both autoclaved and
regular concrete blocks. Nevertheless, some of the PAR leaked out during the heating
cycles resulting in a very thin film of PAR remaining on the exterior surface of the
regular concrete blocks. However, this situation did not adversely affect the chemical
reaction in the concrete products due to its strong chemical stability. For actual
application, special treatments during the immersion of PCM-concrete products are
necessary in order to prevent any melted PCM from flowing out the concrete that may
otherwise contaminate the environment. Salyer [24] suggested that silica particles could
be added to prevent the leakage of PCM from the concrete. Ar‘\l

. . h
3.2. Impregnation technique b 4
The impregnation technique involves three simple steps [15]. First, ai @ ater are
D

evacuated from the porous or lightweight aggregates with a vacuum pump. Then, the
porous aggregates are soaked in the liquid PCM within a contro onment (under
vacuum). Finally, the pre-soaked PCM porous aggregate funct a “carrier for the
PCM” is mixed into the concrete.

Zhang et al. [14] studied the influence of porou ypes on the capability to
absorb PCM. Three types of porous aggregates were xammed expanded clay aggregate
(C1), normal clay aggregate (C2) and expande aggregate (S) as the “carrier” for

butyl stearate (BS) PCM. Table 1 gives the basic properties and the results of PCM-
absorption capacity for these porous ag gates. It can be seen that there is a general

trend of increasing PCM-absorption capaci en the density of the porous aggregate is
decreased (higher porosity). When to the absorption capacity for water, the
vacuum impregnation method  w more effective than the simple immersion
technique. The difference Was nounced in the clay aggregate than in the shale
aggregate. A rough esti —absorptlon capacity for C1, C2 and S were 0.876,

0.176 and 0.081 ml/ th por S aggregate respectively. This indicates that PCM can
occupy up to 75% of the total pore space of the C1 porous aggregate.

Bentz and Turpi 1{ conducted DSC experiments to test the heat flow of lightweight
aggregate soa inPEG and PAR PCM. From the DSC analysis results, it was found

that the pe ature of PAR at melting and solidification was slightly higher than
for P rmore, soaking porous aggregates in PCM enhanced the heat transfer
een the PCM in the porous aggregate and the bulk concrete.

Table 1. Basic properties and PCM-absorbing capacity in different porous aggregates
(sourced from Zhang et al. [14])

Notation | Density | Porosity Water-absorbing Water-absorbing PCM-absorbing
(glem’) | (%) capacity by capacity by vacuum | capacity (ml) per 1 g
(MIP) simple immersion | impregnation (%) of porous aggregate
(%)
Cl 0.76 75.6 11.0 72.5 0.876
C2 1.25 41.9 5.9 42.5 0.176
S 1.39 33.8 4.1 15.0 0.081
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3.3. Direct mixing technique

Another means of incorporation of PCM is the direct mixing technique [16]. Before the
PCM can be directly mixed into concrete constitutes during their mixing process, it must
be first encapsulated within a chemically and physically stable shell. This is essential to
retain the PCM in its pure form and ensure no interference with the concrete constitutes.
Also, when the PCM is in a liquid form (during melting), the capsules ensure that none of
the liquid PCM leaks out. The most common processes used to encapsulate organic PCM
are interfacial polymerization [25], emulsion polymerization [26], in situ polymerization
[27] as well as spray drying and coacervation [28]. N

indestructible and sustainable to avoid any breakage (damage) during the te mixing
and casting process. To prevent any premature rupture in thes , membrane
reinforcement products such as Zeolite or Zeocarbon (mostly deri from charcoal and
volcanic rock) can be used for surface reinforcement to withst igh friction or impact
[28]. Recently, an attempt was made to assess the feasibility &I}gvdifferent amounts of
Micronal DS 5008 X (micro-encapsulated paraffin

ax the direct replacement
for marble powder in the production of self-compacting e. The results showed that
the porous micro-structures and spherical voids of the broken PCM microcapsules could
be observed by scanning electron microsco ). SEM micrographs (Fig. 2a)
indicated that the flaked structures of the solidified wax covered the inner wall of the
pore. Upon close examination of the pore wall, a large volume of cell walls, which
appeared to be smooth from the outsi Nld be observed. Fig. 2b shows that the
predominant size of PCM mlqoca is about 6 wm which densely occupied the
cement matrix.

For direct mixing, the surface (shell) hardness of the PCM microcapsu@e to be
g

W

Mag= 213KX EHT= 1MOW Signal A = SE! Mag= 551KX EHT= mww Signal A= SE2 Date :23 Apr 2008
—_ WD= 10mm Photo No. = 6808 Tlm-llﬁzlﬁ WD= 9mm Photo No. = 6913 Time :15:13.06
Y RS T U ST T e i

Fig. 2. SEM mlcrographs of (a) an open pore covered with solidified y wax, and (b) a
higher magnified (x5500) part of the matrix with deformed and broken microcapsules,
partly pure leaked wax is visible (sourced from [16]).

4. Fresh properties of PCM-concrete

Hunger et al. [16] examined the effect of directly mixing micro-encapsulated phase
change material (MCPCM) on the fresh properties of self-compacting concrete (SCC) by
testing the slump flow, V-funnel time and J-ring properties. The overall results showed
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that it is feasible to produce good self-compacting properties using PCM microcapsules.
The flow diameters of all the PCM-SCC mixtures were similar when compared to plain
SCC mix by adjusting the water content and the dosage of superplasticizer. It was found
that the SCC mixtures with 3% and 5% PCM microcapsules content displayed slightly
higher viscosity, which was attributed to the higher water content. It is hypothesised that
the particle size of PCM microcapsules used could affect the workability of the concrete
mixture [29].

5. Heat of Hydration
Bentz and Turpin [15] investigated the temperature rise and decrease during themfew
days of the hydration of cement mortars at semi-adiabatic conditions. Thr pes of
mortar were used. They were (i) a control mortar with a cement-to-nonporous coarse sand
and water-to-cement ratio of 3 and 0.40, respectively; (i) a mix &)ntai,OO% pre-
impregnated lightweight aggregate with PAR as PCM; (iii) a mix ¢ ining 100% pure
PAR particles as total replacement of aggregate on a volumetri is. It was observed
that the characteristic of heat evolution of PCM-mortar was @inﬂuenced by the
presence of PCM. The use of PCM resulted in a reduction i%mﬁximum temperature
rise and the reduction was more pronounced when the s directly added to the
mixture. Also, using paraffin wax PCM in the cement m used an one-hour delay in
reaching the peak temperature which was an indication of retardation of cement
hydration.

Sakulich and Bentz [30] incorporated €xpanded clay and porous Greek pumice
aggregates with PAR, PEG, and vege il-based PCM into cement mortars. They
found that PAR had no effect on the reaction, while the PEG and vegetable oil-
based PCM had a significant effect in ing (delay in reaching peak temperature) and
suppressing (reduction in pe res) the hydration of the cement matrix. For all
PEG mixtures, it was fi ﬁ only the maximum heat flow decreased by about
40%, but the heat evolutio en also delayed by several hours. It suggested that the

amounts of non-absorb CM adhermg on the aggregates surface were likely to be a
problem during cemen} hydration. Similar results for heat evolution in the case of direct

mixing were als ted by Hunger et al. [16].
6. Mechanica Qrties

ve strength

npressive strength results of PCM-concrete have been reported by several studies.
The results indicate that the PCM content as well as the means of PCM incorporation in
concrete noticeably affect the compressive strength of the PCM-concrete.

Investigations on using the immersion technique have found that there is no significant
difference in the strength between the control and immersion PCM-concrete. Hawes [17]
reported that when PAR is in the liquid state, the PCM-concrete exhibited a similar
strength with that of the control concrete. However, when compared to the control
concrete there was an approximately 50% increment in strength when PAR was in the
solid state. Cabeza et al. [20] reported that the innovated PCM-concrete was found to
achieve a compressive strength of over 25 MPa and a tensile splitting strength of over 6
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MPa (after 28 days) which are appropriate levels for some structural application
purposes.

However, in the case of direct mixing, inclusion of PCM microcapsules in SCC
significantly reduces the compressive strength [16]. The compressive strength of PCM-
SCC decreases by 13% for each additional percentage of MCPCM added by total
concrete weight. The two mechanisms responsible for this decrease in strength are (i)
significant disparity between the intrinsic strength of the microcapsules and other
concrete constituents such as cement paste, and (ii)) damage of MCPCM resulting in
paraffin wax leaking from the broken microcapsules and mixing with other crete
constituents.

6.2. Concrete porosity and intrinsic concrete density Q

Hunger et al. [16] investigated the concrete porosity (as part of the \4 raction which is
open to the surface) of a control SCC and PCM-SCC mixtures prepa h 1%, 3% and
5% of MCPCM by total weight of concrete. They reported tha -SCC containing
MCPCM had higher porosity values than the control SCC% ‘might be due to the
structural change of the concrete packing density. The intrinsic concrete density of the
PCM-SCC decreased with an increase in the C ent, probably due to the
relatively low specific gravity of the MCPC kg/m”) when compared to other
constitutes in the concrete.

7. Thermal properties ) ¥¢
The impacts of applying PCM in conc
documented [10-18]. Across a num

ucts on their thermal properties are well
revious studies, all the reported data showed
that the heat storage capacity of" conc is significantly increased when PCM is applied.
Of course, the effectiveness is ent upon the PCM type and means of incorporation
adopted during the pr% the CM-concrete.

7.1. Thermal energyfvt e capaczty/thermal mass

Zhang et al. [14] investigated the thermal energy storage capacity of normal concrete
materials, and c 01£ prepared with porous aggregates with and without BS PCM.
According to t@lts from the DSC test, it was found that all the concrete containing
pre-soaked s aggregates had endotherm peaks ranging from 10 to 30 °C. The
pea ending temperatures of the phase change increased linearly with the PCM-
a n capacity of the porous aggregates used in the concrete.

Hunges et al. [16] studied the specific heat capacity of SCC made with various
percentages of MCPCM by means of direct mixing. The prepared PCM-SCC specimens
with dimensions of 200x200x30 mm were introduced in a samples holder and the
temperature was maintained at 32 °C during the heating process. The specific heat
capacity and thermal mass of the samples were calculated based on the temperature of the
samples and the amount of heat flux from the device. The results of the specific heat
capacity versus temperature of the samples containing 0%, 1%, 3% and 5% of MCPCM
by mass of concrete are shown in Fig. 3. It is evident from this figure that (i) the specific
heat capacity of the samples increased by up to 1.7, 3.0 and 3.5 times with the increase in
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PCM replacement level by 1%, 3% and 5%, and (i1) the melting temperature of all the
samples with PCM ranged from 23 to 26 °C.
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Fig.3. Specific heat capacity of the PCM—%C mixes versus temperature (sourced from

[16]) N

7.2. Thermal conductivity of PCM-c et

Hunges et al. [16] examined th & PCM additions on the thermal conductivity of
concrete. Four mixes were designed containing 0%, 1%, 3% and 5% of MCPCM.
MCPCM was used t(me le powder on a volumetric basis (similar particle size
distribution). For every mix design, two samples of 100x100x50 mm were prepared for
the measurement. It \;xmd that the inclusion of MCPCM in concrete resulted in a
lower thermal condlwvit of concrete by linear function. The reduction is generally
attributed to th anced air content and the lower thermal conductivity of PAR.

easured the thermal conductivity of immersion autoclaved and regular
blocks without PCM, with BS, with DD and with PAR. The specimens with BS
and DD were tested when the PCM was in the liquid state whereas the specimens with
e tested in the solid state. The differences of conductivity of PCM in liquid and
solid states appear to be insignificant. For a given PCM type, the thermal conductivity of
the regular concrete blocks was higher than that of the autoclaved concrete blocks due to
their relatively higher density. In comparison, the PCM-concrete showed a steady
decrease in air voids and offers a better thermal conducting path than the plain concrete
without PCM.

7.3. Field investigation of PCM-concrete cubicles
Laboratory results show that the use of PCM in concrete did enhance its thermal energy
storage. Extensive studies have been carried out to investigate the thermal performance in
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real buildings under the EU project MOPCON with partners from Spain, the Netherlands,
Greece and France [20, 31]. Prototype buildings with dimensions of 2x2x3 m were
constructed by shaping cubicles of PCM-concrete fully instrumented with temperature
sensors in the internal surface of each panel wall. The micro-encapsulated PAR PCM
content in the concrete panels was 5% by total concrete mix weight with a melting
temperature of 26 °C and a phase change enthalpy of 110 kJ/kg. The measured “outside
temperature” and “internal temperature” in the west wall with and without PCM in the
cubicle building is presented in Fig. 4.

42 3°C N,
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Fig. 4. Outside temperature and tem@ the west wall with and without PCM with
c

closed windows tested in July 26(')%/ from [31])
wi

It is evident from this fi &'t up to 24 hours of testing during a summer day, the
cubicle walls with P always obtained a smaller temperature value (2 — 3 °C) than the
cubicle walls without . When the “outdoor temperature” reached the maximum of
31 °C, the west wall of the cubicles with PCM reached only 36 °C, which is 3 °C lower
than that of the icles without PCM. It was also noted that the cubicles with PCM
reached the Sa@:nperature of the cubicles without PCM about 2 hours later. This
indicates i ed performance in thermal inertia as well as lower internal

tem es of the cubicles incorporated with PCM.

8. Stability of PCM in concrete

8.1. Alkalinity

One of the parameters that need to be taken into consideration when incorporating PCM
in concrete is the alkalinity level of concrete. It is known that not all PCM is suitable for
use in high-alkali level concrete because the alkali can degrade some PCMs. Hawes [17]
investigated the alkalinity of various concrete types by determining the pH values of the
water in which the concrete specimens were immersed for 28 days. The preliminary
results found that autoclaved concrete blocks had the least alkali content, followed by
regular concrete blocks, pumice concrete and lightweight concrete prepared with
expanded shale aggregate (EXSL). He also reported that BS, DD and TD were more
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suitable for use in concrete with lower alkalinities. In the case of PRA, it was quite stable
in all the concrete types since it is chemically inactive in the alkaline media. This was
measured by the DSC method and confirmed by chemical analysis. The worst case was
the use of polyethylene glycol (PEG) PCM which tended to deteriorate in most concrete

types.

Since some concrete types, like pumice concrete block, appear to have a high absorption
capacity which is ideal for PCM incorporation, there is a strong need to reduce the alkali
content in these concrete types. Hawes [17] proposed to use pozzolans to reduce the
alkalinity of concrete. However, the amount of pozzolans used must be controw an
appropriate level to ensure that the concrete retains sufficient porosity to WMhe

required amount of PCM. O y
@

8.2. Freeze/thaw cycling /&

Hawes [17] compared the freeze-thaw durability of immersion PCM-concrete through the
use of different types of concrete blocks and PCMs. The t as conducted with a
frequency of 6 h per cycle and the temperatures were altem@eﬁveen 33 °C and -25
°C for a total of 50 cycles. No significant difference @ observed in the freeze-thaw
performance of the autoclaved blocks (ABL) containing different kinds of PCM (BS,
PAR and PEQG). It was noted that the immersion PCM-concrete had better resistance to
freeze-thaw cycles than that of the control spec without PCM due to the reduced
water absorbency and lower permeability.

’INH] found that the loss of weight of the
a 20 heating and cooling cycles was much
ocks with PAR. For the autoclaved concrete
ile for the regular concrete blocks it was about
concrete block had a denser structure and most of the
the outer part of the block. Thus, during the heating and
e occurring in the regular concrete blocks was much higher
oncrete blocks.

Regarding the effect of concrete typ
autoclaved concrete blocks wigl P
lower than that of the regular concre
blocks, the PCM loss was abo
31%. This is because t
PAR absorbed remai
cooling cycles, PCM le
than that for the autoclave

7

Bentz and @5] used a computer model to simulate the number of expected
freeze/thaw cy to failure of a control concrete and PCM-concrete. The results
de te t the presence of PCM in concrete reduced the number of cycles by
abo % on’average when compared to the control concrete without PCM.

8.3. Fire resistance

PCM has been proven to be the most suitable and effective latent heat storage material
for use in concrete. However, one of the drawbacks of PCM is that it may be flammable
(e.g. paraffin).

Hawes [17] investigated the fire resistance of immersion PCM-concrete. For this purpose,
different types of PCM-concrete products of size 200x200x30 mm were tested under a
directly impinging 700 °C flame for 10 min. Based on the observations under the fire
tests, it was found that there was a reduction of PCM mass and increase of the risk of
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fume discharge for the PCM-concrete. The colour of the PCM-concrete surface was also
affected by the flame. In comparison, the percentage mass loss of PCM of the regular
concrete blocks was relatively lower than that of the autoclaved concrete blocks. This
was due to the regular concrete blocks had a greater surface tension within the smaller
diameter of the pore structure than that of the autoclaved concrete blocks. The amount of
visible fume discharged ranged from negligible to moderate depending on the type of
PCM used in the concrete.

Concrete products can become flammable if the PCM used is flammable, is not
encapsulated and is directly mixed in concrete in high concentrationimc;o—
encapsulation or micro-encapsulation could be possible solutions to increas PCM-
concrete resistance to fire. BASF has demonstrated that PAR PCM incorporated with a
magnesium oxide-based matrix can improve its resistance to fﬂmesire. This

material has passed the Euro-class B fire rating. "

9. Conclusions

Based on the above overview of the development of the use &afsgchange materials in

concrete, the following conclusions can be drawn.

1. The possible use of phase change materials f
promising. The improvement of the thermal heat storage of PCM-concrete may make
it more widely used in construction and bui lications; but PCM-concrete also
has some undesirable properties such as lower strength, uncertain long-term stability
and low fire resistance. These undesitable properties, however, can be minimized if
appropriate PCM types and means of in ration are employed.

2. Among the PCM types, organic PCM and particularly paraffin wax PCM, seems to be
one of the most suitable latent-hea ge materials that can be used in concrete. The
main reasons are the ch 'c&

the eat storage in concrete is

e bility, inactivity in the alkaline environment of
concrete, an appropri e&git on temperature of about 26 °C (human thermal
comfort) and lo ‘*@ e of supercooling; they are also relatively inexpensive and
have desirable ther tability.

3. The test results of different means of PCM incorporation in concrete showed that:
e Immersion: stitable for concrete with a relatively high porosity. The time reqired
<

for immersion is mainly controlled by (i) the absorption capacity of the porous
ete, (i1) the temperature of the container in which the melted (liquid)
illed. Basically the immersion process takes several hours.
pregnation: vacuum impregnation seems to be more effective compared to the
imple immersion technique. By comparing the results of absorption behaviour of
CM 1in different types of porous aggregates, expanded clay or shale aggregates
are the more suitable porous materials for PCM impregnation.

e Direct mixing: encapsulation of the PCM with a chemically and physically stable
shell is required before it can be directly mixed into concrete. The surface (shell)
hardness of the PCM microcapsules can be reinforced by the use of Zeolite or
Zeocarbon.

4. Past studies showed that it is feasible to produce self-compacting concrete prepared
with PCM microcapsules as a direct replacement of marble powder.
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5. The heat evolution characteristic of the concrete is strongly influenced by the
presence of PCM. Generally, the inclusion of PCM retards cement hydration.

6. The results of the various studies indicate that PCM-concrete achieves compressive
strength values within the range appropriate for most construction purposes. In the
case of direct mixing, the strength and density are noticeably decreased as the content
of PCM in the concrete increases. PCM-concrete prepared by means of immersion
showed similar strength to those of the normal control mix.

7. The inclusion of PCM in concrete yields a significant improvement in the thermal
performance of the concrete. This is due to the enhancement of both the thermal
insulation (lower thermal conductivity) and thermal mass. Field investigitﬁ‘v}so
showed that the cubicle walls with PCM had a smaller temperature rang%%ce

improved thermal inertia. b4

8. Alkali in concrete can attack some PCM such as organic non—lﬁlraffl stearate
(BS) and tetradecanol (TD). The use of modified (low alkalinity rete was able to
increase the stability of PCM. Also, adding pozzolans such ash or silica fume
can be very effective to reduce the alkali level in concrete.

9. Immersion PCM-concrete with BS, PAR and PEG had&i‘{esistance to freeze-
thaw cycles due to their lower water absorbency and r eability.

10. Fire resistance of PCM-concrete can be enhanced i CM used is inflammable
and is encapsulated. However, only limite e available in this area. Therefore,
further studies are needed on the fire resista ncrete incorporating PCM.

Acknowledgements Y
The authors would like to thank The Ho ong Polytechnic University for funding
support.

References x

[1] Regin AF, Sola%@ . Heat transfer characteristics of thermal energy
storage system using PCM capsules: A review. Renew Sust Energy Rev 2008;12:2438—-
58.

[2] Sharma A, Tyagi V.V, Chen CR, Buddhi D. Review on thermal energy storage with
phase change materials and applications. Renew Sust Energy Rev 2009;13(2):318-45.

[3] Wang X, @ YP, Xiao W, Zeng RL, Zhang QL, Di HF. Review on thermal

performance o e change energy storage building envelope. Chinese Sci Bulletin
200 :920-8.
air

[ M, Farid MM. A review on energy conservation in building applications
with al storage by latent heat using phase change materials. Energy Convers
Manage 2008;45:263-75.

[5] Pérez-Lombard L, Ortiz J, Pout C. A review on buildings energy consumption
information. Energy Build 2008;40:394-8.

[6] Ismail KAR, Castro JNC. PCM thermal insulation in buildings. Int J Energy Res
1997;21:1281-96.

[7] Tyagi VV, Buddhi D. PCM thermal storage in buildings: a state of art. Renew Sust
Energy Rev 2007;11:1146-66.

[8] Kuznik F, Virgone J, Noel J. Optimization of a phase change material wallboard for
building use. Appl Therm Eng 2008;28:1291-8.

First author: tcling611 @vyahoo.com ; t.ling.1 @bham.ac.uk Page 13



[9] Pasupathy A, Velraj R, Seeniray RV. Phase change material-based building
architecture for thermal management in residential and commercial establishments.
Renew Sust Energy Rev 2008;12:39-64.

[10] Hawes DW, Feldman D. Absorption of phase change materials in concrete. Sol
Energy Mater Sol Cells 1992;27(2):91-101.

[11] Hawes DW, Banu D, Feldman D. The stability of phase change materials in
concrete. Sol Energy Mater Sol Cells 1992;27(2):103-18.

[12] Lee T. Latent and sensible heat storage in concrete blocks. Master Thesis, 1998,
Concordia University, Montreal, Quebec, Canada.

[13] Hadjieva M, Stoykov R, Filipova T. Composite salt-hydrate concrete sm for
building energy storage. Renew Energy 2000;19:111-5.

[14] Zhang D, Li Z, Zhou J, Wu K. Development of thermal energy S cMicrete
Cem Concr Res 2004;34:927-34. @

[15] Bentz D, Turpin R. Potential applications of phase change 1
technology. Cem Concr Compos 2007;29(7):527-32.

[16] Hunger M, Entrop AG, Mandilaras I, Brouwers HJH,& The behavior of

n concrete

self-compacting concrete containing micro-encapsulated Ph Chﬁlge Materials. Cem
Concr Compos 2009;31:731-43.

[17] Hawes DW. Latent heat storage in con
University, Montreal, Quebec, Canada.
[18] Baetensa R, Jelle BP, Gustavsend A. change materials for building
applications: A state-of-the-art review. Energy Build 2010;42:1361-8.

[19] Zalba B, Marin JM, Cabeza LF, Mehling H. Review on thermal energy storage with

Thesis, 1991, Concordia

phase change: materials, heat transf a 1s and applications. Appl Therm Eng
2003;23:251-83.

[20] Cabeza LF, Castellén C, N ué edrano M, Leppers R, Zubillaga O. Use of
microencapsulated PCM in co s for energy savings. Energy and Build 2007;39:

113-119.

[21] Castellon C, Men oca J, Cabeza LF, Navarro ME, Fernandez Al, Léazaro A,
Zalba B. Effect of mic capsulated phase change material in sandwich panels. Renew
Energy 2010;35:237%
[22] Cabeza LF no M, Castellén C, Castell A, Solé C, Roca J, Nogués M. Thermal
energy storage@hase change materials in building envelopes. Contributions to Sci.

2007;3(4)
[23 , es DW, Banu D, Feldman D. Control aspects of latent heat storage and
in concrete. Solar Energy Mater & Solar Cells 2000;62:217-37.

[24] er; I. O. (1993), Dry Powder Mixes comprising Phase Change Materials, US
patent No. 5,254,380,

[25] Cho JS, Kwon A, Cho CG. Microencapsulation of octadecane as a phase-change
material by interfacial polymerization in an emulsion system. Colloid and polymer
science 2002;280:260-6.

[26] Sar1 A, Alkan C, Karaipekli A, Uzun O. Microencapsulated n-octacosane as phase
change material for thermal energy storage. Solar Energy 2009;83:1757-63.

[27] Song Q, Li Y, Xing J, Hu JY, Marcus Y. Thermal stability of composite phase
change material microcapsules incorporated with silver nano-particles. Polymer 2007;48:
3317-23.

First author: tcling611 @vyahoo.com ; t.ling.1 @bham.ac.uk Page 14




[28] Hawlader MNA, Uddin MS, Khin MM. Microencapsulated PCM thermal-energy
storage system. Applied Energy 2003; 74(1-2):195-202.

[29] Park SK, Kim JHJ, Nam JW, Phan HD, Kim JK. Development of anti-fungal mortar
and concrete using Zeolite and Zaocarbon microcapsules. Cem Concr Compos
2009;31:447-53.

[30] Sakulich AR, Bentz DP. Incorporation of phase change materials in cementitious
systems via fine lightweight aggregate. Construct Build Mater 2012;35:483-90.

[31] Castellon C, Medrano M, Roca J. Nogués M, Castell A, Cabeza LF. Use of
microencapsulated ~ phase = change  materials in  building  applications.

N

http://www.ornl.gov/sci/buildings/2010/Session%20PDFs/35 New.pdf. Na ¥

. - 4
.

,Ixo

“
o

QY
b‘o'

&6

First author: tcling611 @vyahoo.com ; t.ling.1 @bham.ac.uk Page 15




